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Ovine lentiviruses (OvLV) resemble human immunodeficiency viruses in genomic organization, viral heterogeneity, and
spectrum of cytophenotypic expression. To gain a better understanding of the relationship of North American OvLV isolates
with other characterized OvLV strains, the complete DNA nucleotide sequence of the env region of a highly lytic (rapid/
high) OvLV strain (85/34) was determined and compared with the sequence of amplicons within env of three other OvLV
strains of varying cytophenotype and isolated from the same flock of sheep. LTR and pol regions also were compared
among these strains. The env region of 85/34 was 986 codons in length and the reported nucleotide sequence showed
features shared by other OvLV including heavy glycosylation and conserved and hypervariable regions within the surface
membrane protein region. Phylogenetic analyses of regions within LTR, reverse transcriptase, and env grouped the four
virus strains together and similar to the maedi-visna OvLV strains, including visna virus, South African ovine maedi visna
virus, and EV1 (British OvLV isolate), but they were distinct from caprine arthritis encephalitis virus. q 1997 Academic Press
INTRODUCTION The four NA-OvLV strains (84/28, 85/14, 85/34, and
85/62) used in this study were originally isolated from
Ovine lentiviruses (OvLV, including maedi/visna virus,
naturally infected sheep of the same flock (Lairmore et
MVV), and caprine arthritis encephalitis viruses (CAEV)
al., 1986). Monoclonal antibodies used in competitive
belong to the lentivirus genus of Retroviridae. Natural
ELISA have distinguished slow/low from rapid/high OvLV
and experimental infection of sheep with OvLV results
field isolates based on their reactivity to capsid protein
in various disease syndromes which include lymphoid
(CA) epitopes (Marcom et al., 1991). Inoculation of twin
interstitial pneumonia (LIP), encephalitis, and mastitis
lambs with strains 84/28 and 85/34 showed that in vivo
(Dawson, 1988; Narayan and Clements, 1989; DeMartini
passage of these viruses resulted in progeny that were
et al., 1993). In sheep, the LIP induced by OvLV is similar
more pathogenic in vitro than their parental strains
to that found in people suffering from acquired immuno-
(Woodward et al., 1995) and that host genetic factors
deficiency syndrome following infection with the human
may be important in determining the disease outcome
immunodeficiency virus (HIV-1) (Lairmore et al., 1986;
(de la Concha-Bermejillo et al., 1995).
Scott, 1991; Travis et al., 1992). We have previously
Denaturing gradient gel electrophoresis has been
shown that plaque-purified North American ovine lentivi-
used to determine the genetic variablility of OvLV within
rus (NA-OvLV) strains 84/28 and 85/34 manifest differen-
the envelope glycoprotein gene (Woodward et al., 1994).
tial replication characteristics in vivo and in cell culture
We sequenced the entire env gene for strain 85/34 and
(Lairmore et al., 1987; DeMartini et al., 1993; Woodward
portions of LTR, pol, and env genes of all four NA-OvLV
et al., 1995). The ‘‘rapid/high’’ strain 85/34 was more
strains to gain a better understanding, at the molecular
pathogenic and grew to higher titers in cell culture (106
level, on how they compared with one another and with
TCID50 ml
01) compared to the ‘‘slow/low’’ strain 84/28 that
sequenced OvLV from different parts of the world. Our
was less pathogenic and reached peak titers of only 105
results showed that the NA-OvLV strains studied were
TCID50 ml
01 in a longer period of time. Similar phenom-
both distinct from one another and belonged to the ovine
ena have been observed with other OvLV (Querat et al.,
lentivirus group within the lentivirus genus.
1984; Narayan and Clements, 1989) and with HIV-1 iso-
lates (Cheng-Mayer et al., 1988; Fenyo et al., 1988).
MATERIALS AND METHODS
Virus and DNA preparation1 Present address: Yerkes Regional Primate Research Center, Emory
University, Atlanta, GA 30322.
Confluent monolayers of goat synovial membrane cells2 To whom correspondence and reprint requests should be ad-
dressed. Fax: (970) 491-1815. E-mail: JCarlson@vines.ColoState.edu. were infected with OvLV (85/34) at an m.o.i. of 0.1 PFU/cell.
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FIG. 1. Complete DNA nucleotide sequence for the envelope glycoprotein gene of North American ovine lentivirus strain 85/34. The predicted
protein sequence encoded by the gene is indicated below the nucleotide sequence in single-letter amino acid code. The numbers along the left
margin indicate the position of the left-most nucleotide (top) or amino acid (bottom in bracket) in the line. The arrow above the ATG initiation codon
(bolded) indicates the direction of gene translation. Part of the env1 sequence (amplified with primers 59 and 61) and all of env3 and Karr et al.
(1996) sequences are contained in OvLV 85/34 virus strain env gene sequence. The numerals I, II, and III indicate the proteolytic cleavage sites
(RXKR). Dots (.) represent a non-ORF while the symbol ‘‘@’’ represents a stop codon.
Unintegrated viral DNA was selectively extracted by the Sonigo et al., 1985) and South African OvLV isolates (Querat
et al., 1990) identified conserved sequences that flank themethod of Hirt (1967). The Hirt supernatant was treated with
ATG start codon for their respective env genes. Two prim-proteinase K (100 mg/ml) overnight at 377, extracted twice
ers, namely 59 and 61, were designed from these se-with phenol:chloroform:isoamyl alcohol (25:24:1) and once
quences at nucleotide positions 5825 and 6155 (SA-OMVVwith chloroform:isoamyl alcohol (24:1), and then precipitated
coordinates). The 59-61 PCR product (350 bp) from 85/with 2.5 vol of ethanol. The concentration of the DNA was
34 virus-derived DNA was sequenced and an 85/34 virus-determined by measuring the absorbance at 260 nm.
specific primer (60C) synthesized which included the rev/
env ATG initiator codon. Antisense and sense LTR primersOligonucleotide primers
(1097 and 1098), pol (reverse transcriptase (RT)) primers
Alignment of published nucleotide sequences of Euro- (P3 and P4), and env3 primers (76 and 80) were designed
from conserved published visna virus sequences (Table 1).pean visna viruses (Braun et al., 1987; Sargan et al., 1991;
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FIG. 1—Continued
Polymerase chain reaction (PCR) amplification and digested with BamHI and SalI and cloned into pBlue-
script (Stratagene, La Jolla, CA). Southern blots were sub-cloning
sequently performed to confirm amplification specificity
PCR amplification conditions were optimized for the of both the LTR and the pol fragments (data not shown).
60C-1097 primer pair to amplify the entire env gene (3.2 Following a double digestion of the 60C-1097 PCR prod-
kb). A typical PCR reaction contained final concentrations uct (3.2 kb) with EcoRI and SacI (site resident within LTR
of 100 ng of Hirt supernatant DNA, 20 mM Tris–HCl, pH U3 region), the sample was resolved in an agarose gel
8.4, 50 mM KCl, 0.1 mM each primer, 50 mM each dNTP, and the putative env gene band was gel purified using
1.5 mM MgCl2 , and 2.5 units of Taq polymerase. The the GELase kit (Epicentre Technologies, Madison, WI).
samples were denatured at 957 for 3 min and then ampli- The purified env gene fragment was subsequently cloned
fied for 30 cycles, consisting of 957 for 60 s, followed by into a similarly digested low copy number plasmid,
annealing at 577 for 60 s and extension at 727 for 90 s. pLG338-SPORT (Payne et al., 1994), according to stan-
The final extension was lengthened by 10 min to allow dard cloning procedures (Sambrook et al., 1989).
complete extension of all products. Shorter extension
times at 727 of 30 s were used for the 59–61, 1098 – DNA sequencing
1097, P3–P4, and 76–80 primer pairs as their respective
products were substantially smaller. The 76–80 PCR The 76–80 PCR products were directly sequenced in
TA vector using primers 76 and 80. Both the LTR and theproducts (env3) were cloned into the pCRII plasmid (In-
vitrogen, San Diego, CA) according to the manufacturer’s pol fragments in pBluescript were sequenced using the
T3 and T7 primers supplied with the kit by Stratagene.protocol. PCR products from the LTR and pol (RT) region
for all OvLV isolates (84/28, 85/14, 85/34, and 85/62) were For the 3.2-kb env gene fragment cloned in pLG338-
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FIGURE 2
SPORT, 25 mg of CsCl-banded DNA was subjected to signed the accession number U64439. Pol and env3 nu-
cleotide sequences used in the alignments (not shown)exonucleaseIII/mung bean nuclease digestion according
to the manual supplied by the manufacturer (Stratagene) have also been submitted to the Genbank nucleotide
sequence database and have been assigned accessionand several subclones were generated. Ten deletion
subclones were subsequently sequenced using the di- numbers AF012289, AF012290, AF012291, and AF012292
(for 85/14, 84/28, 85/34, and 85/62 pol, respectively) anddeoxy chain termination method (Sanger et al., 1977) and
Sequenase Version 2.0 sequencing kit (United States AF012286, AF012287, and AF012288 (for 84/28, 85/14,
and 85/62 env3, respectively).Biochemical, Cleveland, OH). Other primers (not in Table
1) were designed to fill in the gaps using the primer-
Computer analysiswalking method. The full env nucleotide sequence data
reported in this paper have been submitted to the Gen- Multiple alignments of sequences were done by CLUS-
TALW (Thompson et al., 1994) and the PHYLIP 3.5c (J.bank nucleotide sequence database and have been as-
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FIG. 2—Continued
Felsenstein, ‘‘PHYLIP: Phylogeny Reference Package,’’ RESULTS AND DISCUSSION
Version 3.5, The University of Washington, Seattle, WA,
Cloning and sequence analysis of the env gene1993) programs were used for phylogenetic analyses.
Maximum parsimony (DNAPARS) and distance (DNAD- Polymerase chain reaction was used to amplify a 350-
IST followed by NEIGHBOR) were used for the DNA anal- bp product using primers constructed from conserved
yses while PROTPARS and PROTDIST followed by regions among OvLV strains. Upon sequencing the PCR
NEIGHBOR were used for the protein sequence analysis. fragment containing the env initiator codon, an 85/34
The consistency of the nodes was tested by bootstrap- virus-specific primer (60C) was designed and subse-
ping with 1000 replications (env3 and LTR) and with 100 quently used with LTR 1097 primer to amplify the entire
replications for the pol and envelope protein sequences. env region for virus strain 85/34 from virus-infected cells.
Majority rule consensus trees were determined by the Initial efforts to clone the env region in high copy number
plasmids (pBluescript and pUC 18) were unsuccessful.CONSENSE program.
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FIG. 2. (a) Multiple sequence alignment of NA-OvLV (85/34), visna virus, SA-OMVV, EV-1, and CAEV envelope proteins. A comparison of the
predicted amino acid sequence of NA-OvLV strain 85/34 with published sequences of other OvLV and CAEV envelope proteins. Dashes (—) denote
deletions. Amino acid positions are marked on the left margin. The asterisks (*) indicate cysteine residues while ‘‘Leader’’ refers to the leader
sequence. Glycosylation sites are marked with the symbol (#) above the Asn residue (N). Hypervariable sites 1, 2, 3, and 4 are underlined and are
designated as V1, V2, V3, and V4, respectively, above the sequence. Two CAEV sequences were used for alignment: CAEV-Co (Saltarelli et al.,
1990) and CAEV-63 (Knowles et al., 1991). (b) Phylogenetic tree constructed from alignment of envelope proteins of NA-OvLV strain 85/34, visna
virus, SA-OMVV, EV-1, and CAEV. Data from computer alignment of envelope proteins of four OvLV and two CAEV in Fig. 2a were used to construct
a majority rule phylogenetic tree. Bootstrap analysis (100 replications) was performed using the PHYLIP 3.5c program. CAEV was used as an
outgroup. The percentage of replications supporting each branch in parsimony analysis (PROTPARS) appears above the branch while the percentage
of replications supporting each branch in distance analysis (PROTDIST) appears below the branch.
However, clones of the amplified product in the low copy 1983; Herr, 1984). These sites (labelled I, II, and III) were
located at residue numbers 572 to 575 (RRKR), 643 tonumber plasmid, pLG338-SPORT, were stable and the
nucleotide sequence of one of the clones was deter- 646 (RKKR), and 654 to 657 (RRKR), respectively (Fig. 1).
Alignment of the protein sequence of 85/34 with othermined by sequencing both strands of the DNA. Analysis
of the complete nucleotide sequence (Fig. 1) revealed a OvLV and CAEV shows that site III is conserved among
all viruses (Fig. 2a).large open reading frame with the capacity to code for
a polypeptide of 985 amino acids of calculated molecular A total of 26 potential N-linked glycosylation se-
quences (Asn-X-Ser/Thr) were identified, 21 of which re-weight of 103 kDa. Further inspection of the amino acid
sequence identified three basic amino acid-rich regions sided in the surface membrane protein (SU) and 5 in the
TM region (Fig. 2a). Since the molecular weight of a(Arg-X-Lys-Arg) predicted to be the proteolytic cleavage
sites for lentivirus envelope glycoproteins (Seiki et al., carbohydrate moiety is 2.1 kDa (Lennarz, 1975), the cal-
TABLE 1
Oligonucleotide Sequences and the Corresponding OvLV Coordinates
Primer Coordinates
designation Primer sequence (5*–3*) (region)
1097 CTCGTCGACAGATCCGCTCCGGTGTTGCA 155–135* (LTR)
1098 CTTGGATCCATGACACAGCAAATGTAACCGC 8967–8945* (LTR)
P3 CTCGGATCCTGGAAAGTGTTACCACAAGG 2548–2568* (pol)
P4 CTCGTCGACTCCTTATGTAGATATCATCCAT 2685–2663* (pol)
59 GGCTCGCTATGCTTACTAAT 5825–5844** (tat)
61 CCCAGGAGGTCAATACTTAC 6175–6125** (env)
60C CCGAATTCGAGTCTGTTTAGGATGGCAAGC 1–22*** (env)
76 GAGAGTAACAAATGGACATG 7697–7716** (env)
80 CGTTAGCAAGAGACTGAACA 8086–8067** (env)
Note. Polymerase chain reaction (PCR) primers were designed from different sections of the OvLV genome. The underlined sequences at the 5*-
end of the primers are restriction enzyme recognition sequences (GTCGAC for SalI, GGATCC for BamHI, and GAATTC for EcoRI). *, **, and ***,
Visna virus, SA-OMVV, and NA-OvLV strain 85/34 (env) virus coordinates, respectively.
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FIG. 3. Nucleotide sequence alignment of the LTR PCR amplified fragments. Polymerase chain reaction primers were used to amplify the LTR
region of all NA-OvLV strains as outlined under Materials and Methods. The PCR fragments were sequenced and compared with corresponding
sequences in other OvLV and CAEV. Sequences of several enhancer/promoter regions including AP-1, AP-4, and TATA-box element are indicated.
Poly(A) designates polyadenylation signal. The symbol (*) below the aligned sequences represent conserved nucleotide sequences in the alignment.
Dashes (—) designate deleted sequence. The numbers on the left show the position of the left-most nucleotide. The LTR fragment sequences for
all NA-OvLV used in the alignment have been submitted to Genbank and have been assigned the accession numbers: AF012293 (85/34), AF012294
(85/14), AF012295 (84/28), and AF12296 (85/62).
culated molecular weight of the precursor protein is esti- virus (Ball et al., 1992). The V4 region was the most
variable, involving more than 10 residues at the C-termi-mated at 158 kDa. Cleavage of the precursor protein at
the proteolytic cleavage sites shown in Fig. 1 would re- nal end of the SU region. The leader sequence (residues
77 to 98, Fig. 2a) was not conserved between OvLV andsult in protein fragments of gp100 (SU) and gp50 (TM)
consistent with sizes observed on Western blots by Kaji- CAEV genomes.
kawa et al. (1990) and Brodie et al. (1992). There was a Although there was extensive amino acid sequence
high degree of conservation of both the cysteine residues dissimilarity between the envelope glycoprotein of strain
and the glycosylation sites among OvLV strains and 85/34 and those of other OvLV, there was an overall
CAEV (Fig. 2a) that may argue for important roles in the remarkable similarity in the distribution of charged and
maintenance of the three-dimensional architecture of the uncharged amino acids as depicted in the hydrophilicity
mature protein. plot (not shown). Three major hydrophobic regions corre-
sponding to residues 77–98 (leader sequence), 653–686There were four hypervariable regions within SU (V1,
V2, V3, and V4) characterized by point mutations and (amino-terminal end of TM), and 815–858 (transmem-
brane region) were identified that were similar to thosedeletions (Fig. 2a). The third hypervariable region (V3)
was flanked by conserved cysteine residues (C-581 and reported by Sonigo et al. (1985) and Saltarelli et al. (1990)
for visna virus and CAEV, respectively. The leader se-C-613 in Fig. 2) which is similar to the V3 loop reported
for HIV (Kliks et al., 1993) and equine infectious anemia quence was preceded by a stretch of 76 charged amino
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FIG. 4. Consensus phylogenetic trees for the LTR (a), pol (b), and env3 (c) regions. The majority rule trees are unrooted and are derived from bootstrap
analysis. The percentage of replications supporting each branch by parsimony analysis (DNAPARS) is shown above the branch while the percentage of
replications supporting each distance analysis (DNADIST) is shown below the branch. Nodes with less than 51% support are not shown. For the pol tree,
the Leroux et al. (1995) French OvLV isolate sequences used (with Genbank accession numbers in brackets) were 663 (U35674), 664 (U35675), 676 (U35676),
678 (U35802), 679 (U35677), 680 (U35678), 684 (U35679), 685 (U35680), 686 (U35681), 718 (U35797), 721 (U35803), 724 (U35805), and 732 (U35806). The
Genbank accession number for the pol protein gene for CAEV isolate LM30 was L78449. Chebloune et al. (1996) OvLV sequences (SH8a, SH8b, SH111,
and SH117) were also used in the env3 alignment (data not shown). Genbank accession numbers for these sequences were U57506 (SH8a), U57507 (SH8b),
U57508 (SH111), and U57509 (SH117). CAEV sequences used were those of Saltarelli et al. (1990) (CAEV-Co) and Knowles et al. (1991) (CAEV-63).
acids (Rev sequence) resembling sequences described The fragments were amplified from four different OvLV
strains (84/28, 85/14, 85/34, and 85/62). Sequences werefor other lentivirus envelope glycoproteins (Sonigo et al.,
determined, aligned, and compared with other equivalent1985; Olmsted et al., 1989; Garvey et al., 1990).
sequences obtained from Genbank. Alignment of NA-
OvLV LTR sequences with corresponding sequences ofPhylogenetic analysis
other OvLV genomes revealed heterogeneity within our
To assess the evolutionary relationship of NA-OvLV strains and between other OvLV (Fig. 3). However, se-
strains with other OvLVs, fragments were amplified by quences of several enhancer/promoter regions including
PCR from the OvLV genome using primers conserved AP-1 and AP-4 sites, the TATA-box element, and the poly-
among the MVV strains (Table 1). Fragments from three adenylation signal were conserved within our viruses
different parts of the genome were analyzed: LTR, pol, and in other OvLV including the New York OLV-CU1 iso-
late (Campbell et al., 1996, not included in the alignment).and env3 (the region surrounding the SU–TM junction).
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Campbell, B. J. and Avery, R. J. (1996). Sequence analysis and transcrip-Phylogenetic trees based on LTR sequence alignment
tional activity of the LTR of OLV-CU1, a North American ovine lentivi-(Fig. 3) and pol and env3 sequence alignments (data not
rus. J. Gen. Virol. 77, 2999–3004.
shown) are shown in Figs. 4a–4c respectively. In all of Chebloune, Y., Karr, B., Sheffer, D., Leung, K., and Narayan, O. (1996).
these analyses, our North American strains are most Variations in lentiviral gene expression in monocyte-derived macro-
phages from naturally infected sheep. J. Gen. Virol. 77, 2037–2051.closely related to one another and are then grouped
Cheng-Mayer, C., Seto, D., Tateno, M., and Levy, J. A. (1988). Biologictogether with European and South African MVV strains
features of HIV-1 that correlate with virulence in the host. Scienceseparate from CAEV. This is in agreement with the phylo-
240, 80–82.
genetic analysis of the predicted amino acid sequences Dawson, M. (1988). Lentivirus diseases of domesticated animals. J.
of the env proteins shown in Fig. 2b. However, this is Comp. Pathol. 99, 401–419.
de la Concha-Bermejillo, A., Brodie, S. J., Magnus-Corral, S., Bowen,not in agreement with the conclusions of Karr et al. (1996)
R. A., Rosenbusch, R. F., and DeMartini, J. C. (1995). Pathologic andwherein it was suggested that strains 84/28 and 85/34
serologic responses of twin lambs to phenotypically distinct lentivi-are more closely related to CAEV than to MVV. The 1664
ruses. J. Acq. Immune Defic. Syndr. 8, 116–123.
base region of the 85/34 env gene analyzed by these DeMartini, J. C., Brodie, S. J., de la Concha-Bermejillo, A., Ellis, J. A.,
authors is contained in our complete env gene sequence and Lairmore, M. D. (1993). Pathogenesis of lymphoid interstitial
pneumonia in natural and experimental ovine lentivirus infection.and it contains our env3 region. There are 55 base differ-
Clin. Infect. Dis. 17, 236–242.ences from our 85/34 env sequence, probably due to the
Fenyo, E. M., Morfeldt-Manson, L., Chiodi, F., Lind, B., Von Gegerfelt,quasispecies nature of lentiviruses. Examination of the
A., Albert, J., Olausson, E., and Asjo, B. (1988). Distinct replicative
complete predicted amino acid sequences of the env and cytopathic characteristics of human immunodeficiency virus
proteins shows that 85/34 clearly resembles the MVV isolates. J. Virol. 62, 4414–4419.
Garvey, K. J., Oberste, M. S., Elser, J. E., Braun, M. J., and Gonda, M. A.more than the CAEV in the amino- and carboxyterminal
(1990). Nucleotide sequence and genome organization of biologicallyregions of the proteins. The CAEV sequences do not
active proviruses of the bovine immunodeficiency-like virus. Virologyalign with the MVV sequences including 85/34 in these
175, 391–409.
regions. Since our analysis includes three widely sepa- Herr, W. (1984). Nucleotide sequence of AKR murine leukemia virus. J.
rated portions of the OvLV genome, we feel that our NA- Virol. 49, 471–478.
Hirt, B. (1967). Selective extraction of polyoma DNA from infected cellOvLV strains are more closely related to MVV than to
cultures. J. Mol. Biol. 36, 365–269.CAEV. The similarity between a portion of the env gene
Kajikawa, O., Lairmore, M. D., and DeMartini, J. C. (1990). Analysis ofwith CAEV reported by Karr et al. (1996) could be due
antibody responses to phenotypically distinct lentiviruses. J. Clin.
to a recombination event in the envelope region or to Microbiol. 28, 764–770.
convergent evolution. Further sequence analysis of these Karr, B. W., Chebloune, Y., Leung, K., and Narayan, O. (1996). Genetic
characterization of two phenotypically distinct North American ovinestrains would be required to fully resolve this question.
lentiviruses and their possible origin from caprine arthritis-encephali-The results obtained here were sufficient to group NA-
tis virus. Virology 225, 1–10.OvLV strains into the OvLV subfamily of lentiviruses and
Kliks, S. C., Shioda, T., Haigwood, N. L., and Levy, J. A. (1993). V3 vari-
to distinguish them from CAEV. ability can influence the ability of an antibody to neutralize or en-
hance infection by diverse strains of human immunodeficiency virus
type 1. 94, 11518–11522.ACKNOWLEDGMENTS
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